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Summary
Reading, an essential skill for successful function in today’s
society, is a complex psychological process involving
vision, memory, and language comprehension [1, 2]. Vari-
ability in fixation durations during reading reflects the ease
of text comprehension [3–5], and increased word frequency
results in reduced fixation times [6–8]. Critically, readers not
only process the fixated foveal word but also preprocess the
parafoveal word to its right, thereby facilitating subsequent
foveal processing. Typically, text is presented binocularly,
and the oculomotor control system precisely coordinates
the two frontally positioned eyes online [7, 9–13]. Binocular,
compared tomonocular, visual processing typically leads to
superior performance [10, 13–15], termed the ‘‘binocular
advantage’’; few studies have investigated the binocular
advantage in reading [16–18]. We used saccade-contingent
display changemethodology [19] to demonstrate the benefit
of binocular relative to monocular text presentation for both
parafoveal and foveal lexical processing during reading. Our
results demonstrate that denial of a unified visual signal
derived from binocular inputs provides a cost to the effi-
ciency of reading, particularly in relation to high-frequency
words. Our findings fit neatly with current computational
models of eye movement control during reading, wherein
successful word identification is a primary determinant of
saccade initiation.
Results
Globally, when whole sentences were read binocularly
compared to monocularly, there was a clear and reliable
binocular advantage (see also Table S1 available online):
mean sentence reading times decreased from 2,276 ms
(monocular reading) to 2,132 ms (binocular reading; b = 143,
SE = 52; p < 0.01), and average fixation durations decreased
from 276ms (monocular reading) to 258ms (binocular reading;
b = 20, SE = 4; p < 0.01). While processing time decreased, the
average number of fixations (8.4 fixations per sentence;
b =20.1, SE = 0.18) and saccade amplitudes (1.9; 7.7 charac-
ters; b = 20.02, SE = 0.03) did not vary systematically from
monocular to binocular sentence presentations.
The Binocular Advantage during Lexical Processing
Turning next to the target word analyses (see Figure 1), we
examined the standard reading time measures of first fixation
duration (the duration of the first fixation on the target word)
and gaze duration (the sum of all fixations on the target word
until a fixation on a different word). We obtained a three-way
interaction between parafoveal text (binocular versus*Correspondence: jainta@ifado.demonocular), foveal text (binocular versus monocular), and
target word frequency (see Figure 2 and Table 1) that was sig-
nificant in first fixation duration and approached significance
in gaze duration.
To explore this interaction, we ran four simpler mixed-
effect models to evaluate the monocular cost and binocular
benefit in relation to both parafoveal and foveal processing
of the target word (see Table 2 and Figure S1). Specifically,
we compared BINOCULAR-BINOCULAR and MONOCULAR-
BINOCULAR conditions, thereby isolating the processing
cost of a monocular parafoveal preview of the target word.
In first fixation durations, there was a word frequency effect
under binocular preview conditions (numerically 44 ms first
fixation duration; 45 ms gaze duration); however, when pre-
view of the target was monocular, this effect was reduced
(numerically 24 ms first fixation duration; 29 ms gaze dura-
tion). This represents a monocular preview cost of 20 ms
in first fixation duration. Put simply, lexical processing of
the target word did not proceed as efficiently when its
preview was monocular relative to when it was binocular.
We then compared the MONOCULAR-MONOCULAR and
BINOCULAR-MONOCULAR conditions, thereby quantifying
the processing benefit associated with a binocular relative
to a monocular preview. Here, the most striking finding was
very little effect of frequency in pure monocular reading
(1 ms first fixation; 8 ms gaze duration). However, when
readers fixated a monocularly presented target word after a
binocular preview, the effect of frequency was numerically
increased in both first fixation duration (18 ms) and gaze
duration (19 ms), representing a binocular preview benefit
(17 ms in first fixation duration; 11 ms in gaze duration).
Taken together, the pattern of results suggests a binocular
advantage in relation to parafoveal processing during normal
reading.
We then investigated the binocular advantage in foveal
processing during reading. We compared first fixations and
gaze durations on the target word under the BINOCULAR-
BINOCULAR and BINOCULAR-MONOCULAR conditions,
thereby quantifying the processing cost associated with
monocular relative to binocular foveal presentation of the
target word. As above, under pure binocular conditions we
observed a very robust frequency effect for the target word.
However, when the word was presented monocularly upon
fixation, the size of the frequency effect was diminished by
at least 50% (18 ms in first fixation duration; 19 ms in gaze
duration). Once again, monocular presentation conditions
detrimentally influenced reading performance. Foveal pro-
cessing of the target word was far less efficient when directly
fixated under monocular relative to binocular viewing
conditions. Our final set of reading time analyses for the target
word involved a comparison of first fixation and gaze dura-
tion under MONOCULAR-MONOCULAR and MONOCULAR-
BINOCULAR reading conditions. These comparisons allowed
us to evaluate binocular foveal processing benefit on the target
word. Again, under pure monocular presentation conditions
we did not observe any reliable frequency effect, but the
frequency effect increased reliably by 23 ms for first
fixation duration and 21 ms for gaze duration. Once again,
binocular relative to monocular viewing conditions immedi-
ately benefited lexical processing of the target word, this
time when it was directly fixated.
Figure 1. Schematic Representation of the
Boundary Paradigm Used to Examine the Binoc-
ular Advantage during Foveal and Parafoveal
Processing in Reading
The boundary paradigm is an experimental gaze-
contingent technique whereby an invisible
boundary is placed before a target word within
a sentence. When the reader makes a saccade
that transgresses the boundary, the visible
display is changed (in the figure, the target
word is jogger) [19]. The present investiga-
tion included four experimental conditions: (1)
BINOCULAR-BINOCULAR, where the sentence
was displayed binocularly both before and after
the boundary was crossed (i.e., the display was
the same before and after the change); (2)
BINOCULAR-MONOCULAR, where the sentence
was initially displayed binocularly and then
changed to a monocular presentation once the
boundary was crossed; (3) MONOCULAR-
BINOCULAR, where the sentence was initially
displayed monocularly but changed to a binoc-
ular presentation once the boundary was
crossed; and (4) MONOCULAR-MONOCULAR,
where the sentence was displayed monocularly
both before and after the display change.
We counterbalanced monocular presentations
across the left and right eye, and this counterbal-
ancing factor had no influence on our results.
The BINOCULAR-MONOCULAR condition (2) is
depicted in the figure, such that (A) represents
the (binocular) display prior to the boundary
being crossed and (B) represents the (monocular)
display after the boundary was crossed. Solid lines denote the sequence of fixations and saccades prior to the display change (during binocular presen-
tation in this particular experimental condition); dashed lines denote the subsequent sequence of monocular fixations and saccades after the display




Taking these findings together, the data pattern that emerges
across our experimental conditions provides a clear index of
the time course of lexical processing as a function of how
words were visually presented both parafoveally and foveally.
Under binocular viewing conditions, lexical identification was
enabled to such an extent that strong frequency effects
emerged during the very first fixation on the word. In contrast,
for pure monocular viewing, lexical processing of high-
frequency words was inhibited to such an extent that there
was no observable benefit for them compared to low-
frequency words; this is remarkable given the robust nature
of frequency effects, which are considered a clear demarca-
tion of cognitive influences on eye movements during reading
[6]. Note, again, that themodulation of the frequency effects by
monocular input was driven almost entirely by increased
fixation durations on high- but not low-frequency words (i.e.,
reading times for the low-frequency words did not differ
across viewing conditions).
Isolated word recognition paradigms (e.g., the lexical
decision task) have shown effects that depend upon the
particular parameters and the experimental manipulations
used within the task [20]. Furthermore, these paradigms
have produced interactive effects of visual degradation and
frequency that have impacted comparably on both low-
and high-frequency words [21, 22]. This was clearly not the
case here, with the lexical processing cost being associated
exclusively with high-frequency words. Note, however, that
the present manipulation involved not degrading the stimulusbut instead monocular presentation of the sentence. It
seems very likely, therefore, that the pattern of effects we
observed for high- and low-frequency words probably arose
first because we did not directly degrade our stimuli and
second because we measured eye movements rather than
manual button-press responses, which are much longer
(and arguably less sensitive) to processing difficulty than
fixation durations. When linguistic processing difficulty
occurs in normal reading, the eyes reflect this through a
temporary hesitation in processing, resulting in an increased
fixation duration. However, the eyes do not usually remain
fixated on a word until the difficulty is completely overcome.
Instead, readers move their eyes, making a saccade forward
in the text to fixate words downstream in the sentence, or
they make a regressive saccade to reread text they have
already processed. Both of these actions serve to terminate
the initial (first-pass) reading time on the word. Thus, for
low-frequency words that are intrinsically more difficult to
process, there is little opportunity to observe additional
processing cost arising due to monocular presentation.
Essentially, the first-pass fixations for low-frequency words
are already at a ceiling, and therefore we observed all of
the monocular cost to linguistic processing for the high-
frequency words.
Clearly, when the quality of the visual representation of the
text was reduced due to (parafoveal or foveal) monocular
viewing conditions, lexical processing became less efficient,
and identification of high-frequency words was inhibited.
This pattern of effects fits neatly with currently implemented
computational models of eye movement control during
Figure 2. Mean First Fixation Durations and Gaze Durations for the High-
and Low-Frequency Target Words in the Four Experimental Conditions
First fixation duration is the duration of the initial fixation on the target word
irrespective of how many fixations the word received, and gaze duration is
defined as the sum of all fixations on a word prior to a fixation on a different
word. Both measures are regarded to be ‘‘first-pass’’ measures in that they
only include fixations during the first sweep of the eyes through the sen-
tence. Both are considered to reflect lexical processing during reading [7].
The frequency effect is the difference between the high- and low-
frequency words on each measure in each display condition. Data shown
are mean + SE.
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528reading (e.g., E-Z Reader [23–26] and SWIFT [27–29]). Accord-
ing to these models, the time spent fixating a word is jointly
determined by the extent to which it is efficiently parafoveallypreprocessed prior to fixation and the easewithwhich it is lexi-
cally identified upon direct fixation. By definition, high-
frequency words are parafoveally more visually familiar than
low-frequency words. Furthermore, as already stated, fixa-
tions on words are negatively correlated with frequency.
Thus, visual representations of foveal and parafoveal words
that are of reduced quality impede efficient word identification
during reading. More generally, the current data provide a
striking demonstration of the criticality of effective binocular
vision for the delivery of the visual information necessary for
efficient reading and, potentially, other visual recognition
tasks. The interface between the human visual system and
the written language comprehension system is fundamental
to reading performance.Experimental Procedures
Sixteen native English-speaking participants (aged 18–32 years) read 48
English sentences (10–15 words; total length 57–72 characters). Each
participant gave informed consent before the experiment; this research
followed the tenets of the Declaration of Helsinki and was approved by
an internal ethics committee. Participants were prescreened for visual
acuity (monocular acuity in each eye > 0.8 in decimal units) and for stereo-
scopic vision (Titmus Stereo Test; all participants detected a disparity of
40 s of arc in the circle test). Sentences were presented in red [30] on a
black background, thereby minimizing binocular crosstalk; each letter
covered 0.25 of horizontal visual angle (viewing distance 70 cm). Each sen-
tence included a high- or low-frequency target word (four to eight letters
long). The frequency count of target words ranged from 31 to 656 per million
for high-frequency words and from 1 to 14 per million for low-frequency
words [31]. The length of the word preceding the target word was also
controlled (five letters). Order of sentence presentation was randomized,
and a comprehension question occurred after 25% of trials (comprehension
was at a ceiling in all participants). BINOCULAR-BINOCULAR and
MONOCULAR-MONOCULAR reflected reading conditions in which the
whole sentence was read either binocularly or monocularly, respectively.
The reading conditions MONOCULAR-BINOCULAR and BINOCULAR-
MONOCULAR reflected eye-contingent change conditions [19] wherein
the sentence presentation changed from one presentation condition to
the other after the boundary was crossed (see Figure 1). Binocular eye
movement recordings were taken with two Fourward Technologies
Dual-Purkinje-Image eye trackers (1,000 Hz; spatial resolution < 1 min
arc). Monocular calibrations and presentations were achieved through the
use of CRS FE1 shutter goggles (120 Hz). During all measurements, partic-
ipants bit on a wax dental mold. For horizontal eye movements, version
([left eye + right eye]/2) and vergence (left eye 2 right eye) were calculated.
Saccades and fixations were manually identified to avoid contamination by
dynamic overshoots or errors in the trigger signal for the eye-contingent
changes. Fixations shorter than 80 ms or longer than 1,200 ms were
excluded [32]. Selecting only fixations onto the target word resulted in
577 fixations. Parameters were log transformed where necessary, and
linear mixed-effects models (lmer from package lme4 [33] in R [34, 35])
were applied to nonaggregated data (p values were estimated by using
posterior distributions for the model parameters). Participants and
sentences were treated as random effects in these models.Supplemental Information
Supplemental Information includes one figure and one table and can be
found with this article online at http://dx.doi.org/10.1016/j.cub.2014.01.014.
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Table 1. Linear Mixed-Effect Models for First Fixation Duration and Gaze Duration on the Target Word
Fixed Factor
log(First Fixation Duration) log(Gaze Duration)
b SE t b SE t
(Intercept) 5.691 0.023 245.74*** 5.725 0.024 236.71***
Parafoveal text prior to fixation: binocular versus monocular (CC) 20.002 0.028 20.08 0.040 0.032 1.27
Foveal text at fixation: binocular versus monocular (BM) 20.004 0.028 20.014 0.012 0.032 0.37
Target word frequency: low versus high (WF) 20.160 0.028 25.73*** 20.155 0.031 24.99***
CC 3WF 0.072 0.041 1.74 0.058 0.045 1.27
CC 3 BM 0.001 0.041 0.02 20.032 0.046 20.70
BM 3WF 0.163 0.040 4.02*** 0.149 0.045 3.28**
CC 3 BM 3WF 20.139 0.059 22.34* 20.120 0.066 21.82+
Durations are given in ms. Both measures were log transformed for normalization prior to analysis. ***p% 0.001, **p% 0.01, *p% 0.05, +p = 0.06.
Table 2. Linear Mixed-Effect Models of the Parafoveal and Foveal Binocular Advantage for First Fixation Durations and Gaze Durations
Fixed Factor
log(First Fixation Duration) log(Gaze Duration)
b SE t b SE t
Monocular Parafoveal Processing Cost (BINOCULAR-BINOCULAR versus MONOCULAR-BINOCULAR)
(Intercept) 5.691 0.022 254.73*** 5.725 0.022 249.92***
Parafoveal text prior to fixation: binocular versus monocular (CC) 20.006 0.029 20.21 0.036 0.031 1.15
Word frequency: low versus high (WF) 20.162 0.028 25.72*** 20.157 0.030 25.11***
CC 3WF 0.078 0.041 1.89+ 0.062 0.045 1.38
Binocular Parafoveal Processing Benefit (MONOCULAR-MONOCULAR versus BINOCULAR-MONOCULAR)
(Intercept) 5.693 0.025 220.52*** 5.741 0.027 206.38***
Parafoveal text prior to fixation: binocular versus monocular (CC) 20.001 0.029 20.06 0.009 0.034 0.27
Word frequency: low versus high (WF) 20.001 0.029 20.05 20.008 0.033 20.25
CC 3WF 0.068 0.042 1.62 0.065 0.048 1.34
Monocular Foveal Processing Cost (BINOCULAR-BINOCULAR versus BINOCULAR-MONOCULAR)
(Intercept) 5.690 0.023 242.23*** 5.723 0.025 224.54***
Fixations: binocular versus monocular (CC) 20.008 0.028 20.30 0.017 0.033 0.51
Word frequency: low versus high (WF) 20.162 0.027 25.72*** 20.157 0.032 24.89***
CC 3WF 0.099 0.040 2.44** 0.092 0.047 1.92+
Binocular Foveal Processing Benefit (MONOCULAR-MONOCULAR versus MONOCULAR-BINOCULAR)
(Intercept) 5.687 0.025 222.15*** 5.766 0.026 220.30***
Fixations: binocular versus monocular (CC) 0.005 0.030 0.20 20.024 0.032 20.76
Word frequency: low versus high (WF) 20.085 0.030 22.82** 20.095 0.032 22.98**
CC 3WF 0.085 0.042 2.01* 0.089 0.045 1.97*
Durations are given in ms. Both measures were log transformed for normalization prior to analysis. ***p% 0.001, **p% 0.01, *p% 0.05; +p = 0.06.
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